Abstract-This survey paper examines the issue of female under-representation in computing education and industry, which has been shown from empirical studies to be a problem for over two decades. While various measures and intervention strategies have been implemented to increase the interest of girls in computing education and industry, the level of success has been discouraging.
INTRODUCTION
Female under-representation in computing education and industry is a well-known issue. A colossal amount of literature exists on this topical issue and solutions have been proposed to solve this problem. A number of these proposals have been implemented over the years in an attempt to address this problem. This paper focuses on the under-representation of females in computing education and industry. It does not include related subjects and careers such as Information Technology and Science. Denning et al. [20] define the discipline of computing as -the systematic study of algorithmic processes that describe and transform information: their theory, analysis, design, efficiency, implementation and application‖. The discipline fundamentally investigates systems and how they can be automated. This discipline includes professions in artificial intelligence, computer engineering, human-computer interaction, robotics etc. Information technology is the convergence of computing, information content and telecommunications. The term -computing education and industry‖ in this paper refers to computer science as a subject and computer science careers.
The first section of this paper presents the evidence of the problem in education and industry including a comparison of trends in other Science, Technology, Engineering and Mathematics (STEM) subjects. The second section reviews the key factors which have been proffered as potential causes for the under-representation of females in computing education and industry. This section will further review the key arguments and associated theories.
The key intervention strategies implemented which have been employed in an attempt to reverse this trend are discussed in the third section of the article. A review of these strategies provides an opportunity to explore the breadth of current solutions and identify areas for further investigation.
II. EVIDENCE OF THE PROBLEM

A. Computing Education and Industry
The evidence of the problem will be reviewed from both the education and industry perspective. This will provide a contextual insight into the nature of the problem. An analysis of research work on the participation rates of females in computing education and careers indicate that the level is low in many parts of the world [33] , [72] .This trend has a history dating back to the early 1980s. Prior to this time there was a healthy level of female representation in both computing education and industry. In 1960, 65% of computer programmers in the United States of America (USA) were women and historically women have been highly influential in the field of computing [36] .
Empirical studies have shown that the numbers of females in computer science education and careers decrease progressively from the early stages of secondary education until later stages of education [21] , [57] . The key factors that have been forwarded as potential explanations for this trend will be explored further in this paper. The progressive decline of females in computing education from secondary education stage leading to tertiary education is described by Gurer and Camp as -the pipeline shrinkage problem‖ [36] . This pipeline effect has been identified as a worldwide issue as data collected from many parts of the world presents a broadly similar picture although there are some exceptions in countries such as Malaysia, Singapore and Thailand, where the female representation in computing education is 50% and above [33] .
In the United Kingdom (UK) statistics from the Higher Education Statistics Agency, indicates that the proportion of female computer science undergraduates was 18% as at 2011 [40] . This percentage has reduced significantly from 28% in A similar picture is presented in the USA in a related study by [72] , where it was shown that the share of bachelors' degrees awarded in the USA to females in the past two decades increased in almost all major science and engineering fields except in computing. Historically, science and engineering has suffered from female under-representation and specific measures have been implemented to reduce the effect.
In another extensive study of the participation level of females in computing education by Galpin, it was shown that this trend pervades Western Europe, Southern Europe, Scandinavia and Africa [33] . Galpin summarized the findings in 36 countries at tertiary education level as -generally, participation is low -most countries fall in the 10-40% range with a few below 10% and a few above 40%‖.
The under-representation of females in computing education contrasts with the level of their representation and achievement in other subject areas as shown by the European Key Data on Education in 2009. It clearly presents a trend of a generally higher level of female achievement in education. The number of women who gained upper secondary qualifications was greater than the corresponding number of men in all European countries, the only exception being Turkey.
Furthermore, empirical data on all countries of the EU-27 shows that 60% of tertiary education graduates are women. In some member states (Estonia, Latvia, Lithuania, Hungary and Portugal), the number of women undergraduates outnumber men by the ratio 2:1. During the period 2002-2006, there were approximately three women tertiary education graduates for every two men and this proportion was relatively stable in most member states [46] . A similar picture is presented by the UK Royal Society [66] [44] . Irrespective of this academic capability and higher attainment levels the percentage of females taking up computing at Advanced Level is on a progressive decline from 12% in 2004 to 8% in 2011 [28] , [29] . Unsurprisingly, the decline in education correlates with the female under-representation in the computing industry in spite of the improving employment opportunities in this field. Employment statistics indicate increased employment opportunities in the industry. Lazowska [48] commented -among all occupations in all fields of science and engineering, computing occupations are projected to account for nearly 60% of all job growth between now and 2018‖. This projection of opportunities is also echoed by the UK department for Business Innovation and Skills. The department forecasts that the computing industry is set to grow at four times the rate of other professions [8] . However, The UK Resource Centre (UKRC) indicated that as at 2008, the representation of women in the computing industry was only 14.4% [70] .
Computer science as a subject is a fundamental source of talent for the technology sector and it is equally of immense economic value [28] . The progressive drop-off in the uptake of computing degrees especially amongst females has been identified as a great concern for education and industry.
B. Comparative trend with other STEM subjects and jobs
Education and employment in the STEM subjects has been plagued by female under-representation for decades and the statistical evidence presents a grim picture of the situation. Over the years, the representation of females in STEM careers and subjects such as Mathematics, Physics, Chemistry, Computer Science and Technology has been poor. The USA Economic and Statistics Administration (ESA) indicated that 40% of men with STEM degrees work in STEM jobs compared to 26% of women. Consequently, the male workforce in STEM is more than twice the number of females, with a large number of female STEM graduates working in education or healthcare. Within the STEM jobs, computing and mathematics jobs account for close to 47% of all STEM employment. Women representation has varied over time across the STEM occupations, with the female share in computing and mathematics declining over the years as their share has risen in other STEM occupations [27] . A similar situation to that in the US exists in the UK, with only 13% of the STEM workforce being women between 2011 and 2012 [71] .
Furthermore, a historical review of the trends in UK STEM education indicates that the percentage of females entered for STEM subjects at GCSE and Advanced Level was on the decline until 2011. Intervention strategies implemented with the aim of improving female representation include: the use of role models, development of gender specific content, improved teaching, use of real world scenarios in learning exercises and addressing misconceptions [37] . In recent years there have been improvements in the numbers of females engaging with almost all STEM subjects. The percentage of girls entered for Physics and Chemistry GCSE increased by 82% and 79% respectively between 2009 and 2012. Mathematics also indicates that the numbers of females entered increased by 17% compared to 2009. However, the number of entries for Advanced Level Computing has fallen progressively for ten years with the subject accounting for just 0.4% of all Advanced Level subjects. Only 6.5% of entrants were females in 2013, which is 1.3% points lower than 2012 [29] .
In higher education there was an increase of 21% in the number of females obtaining Engineering and Technology degrees between 2008 and 2011. A similar increase of 27% in Mathematical Sciences was shown in the same period. In contrast, a progressively decreasing number of females in Computer Science are shown for higher education [71] . There is a progressive decline in the numbers of females engaging with Computer Science at degree level. Statistics published in two reports by the Higher Education Statistics Authority (UK) indicate that between 2004 and 2011 female undergraduates studying computing decreased from 24% to 18% [39] , [40] .
III. POSSIBLE CAUSES OF FEMALE UNDER-REPRESENTATION IN COMPUTING
A number of theories have been proposed to explain female under-representation in computing education and industry. The theories can fundamentally be divided into causes which are based on inherent or biological differences (essentialist theory) [31] , social-cultural [26] ; [67] and structural factors [2] .
The essentialist theories in relation to imbalance of gender representation in computer science are founded on the view that the disparity is caused by inherent differences between males and females such as mathematical competence and computational thinking ability. According to Strevens [65] this assumption based on differences in natural ability means that males will dominate computing education and industry as they are naturally more suited to it than females. This would further suggest that intervention strategies will not lead to an improvement in female representation in computing due to inherent factors which favour males and disadvantage females.
In contrast, the socio-cultural viewpoint holds that the differences are caused by external (e.g. stereotyping) and internal (e.g. self-expectation) factors which influence the development of males and females [26] ; [67] . These factors originate from societal and cultural perceptions. They translate into accepted -norms‖ and -beliefs‖ in our society leading to low confidence levels and poor motivation of females to engage with the subject and consequently the industry.
Closely linked to socio-cultural factors are the structural factors which translate into the nature of institutions (home, education and industry) such that they limit opportunities for certain groups to increase in representation without structured intervention [2] .
In the educational environment, the uninspiring nature of the Information Technology and Communications (ICT) curriculum has often been identified as a structural constraint decreasing the interest in computers and computer science especially amongst females [3] , [69] . Furthermore, it is suggested that a lack of inspirational and skilled teachers to deliver the computer science curriculum is another factor that has a negative impact on engagement with computer science in primary and secondary education levels [69] .
Structural constraints can be found in: home and family life, the learning environment, computer attitudes and anxiety, lack of role models, perception of computer science and educational computer software [1] . Combinations of both socio-cultural and structural factors have been shown to consequently affect career choice, career persistence and advancement in computing [2] .
An exposition of these key factors will be explored further in order to grasp the complexity of the nature of these viewpoints.
A. Inherent gender characteristics linked to computer science capability
This argument postulates that there are a number of inherent gender characteristics that influence the decision to study computer science and subsequently engage in the workforce. This essentialist argument promotes the view that there is a male superiority in arithmetical computation, reasoning and spatial cognition [34] . Baron-Cohen [4] further indicated that an underpinning viewpoint in support of this argument is the empathizing-systemizing (E-S) theory. This theory hypothesizes that the female brain is predominantly wired for empathy and the male brain wired for building systems. On this premise, males are naturally drawn to subjects and careers that are linked with problem solving through designing and building of systems such as engineering and computing. Similarly, females are drawn towards subjects and careers such as health care and socially demanding environments.
The concept of computing as an area of study emerged from the principles of traditional mathematics. Initial emphasis was on numerical computation, then numerical analysis [73] , [75] and then symbolic computation [53] .
Consequently Computer Science could be referred to as a branch of applied mathematics relying heavily on abstraction. Although there is no study to support the hypothesis that computing professionals and students are proficient in mathematics, studies have however shown that mathematics is an important tool for problem solving and conceptual understanding of computing [11] , [32] . Wing [77] defines computational thinking as -a problem solving approach concerned with conceptualization, developing abstractions and designing systems (automations)‖.This element of problem solving as a key requirement for computer science correlates with skills required in mathematics, designing systems and spatial ability. On this basis, the Essentialists and E-S theorists would argue that this accounts for the lack of females in computing education and industry.
B. Socio-cultural factors
Studies into factors that determine success in computing indicate that self-efficacy and intrinsic motivation, which are socially constructed, are key factors as opposed to the innate intelligence or ability of the students. This argument provides strong evidence that innate human qualities (or intelligence) www.ijacsa.thesai.org are not a pre-requisite for success in computing education [7] . Also a growing body of research challenges the inherent characteristics arguments linked to gender differences on the basis that the differences are socially constructed [26] , [31] . Empirical studies carried out to determine the effect of sex differences on mathematical ability and spatial visualization indicate that there are no significant gender differences in performance [50] , [52] .
Furthermore, the socio-cultural argument suggests that the differences with computer science linked abilities are socially engineered as there are no identified cognitive variations. However there are significant differences in self-confidence. This is higher in the boys as they believe that mathematics and computing is an exclusive domain for males [50] , [52] .
1) Confidence and motivation:
There are significant differences in self-confidence exhibited by males and females in the computing environment. Studies suggest that females exhibit low self-confidence in the computing environment comparative to the males who are very confident [22] , [61] . In an academic setting females often become more motivated by striving for favorable judgments from colleagues of their competence as opposed to actually enhancing their competence. This is based on a common understanding between the genders that mathematics and computing are male domains [23] , [68] .
The psychological effects of both biological and socially engineered gender differences [31] create a stereotypic environment in both work and education. This consequently impacts female confidence and motivation to study the subject and career access. Behm-Morawitz and Mastro [6] further indicate that these stereotypic beliefs tend to be presented in popular media, thereby subconsciously affecting social perception of gender differences thus leading to implicit bias in computing education and workforce.
2) Perception of the Computer Scientist:
Makoff [51] indicates that society has a profound impact on young girls' image of themselves in relation to computer science. Makoff argued that most of the images of computer scientist are negative and imply that computing is for -Nerds‖ or men only. A similar study of eighth grade pupils' (13-14 years old) expectations of what a knowledgeable computer user would look like by [55] illustrated that the majority expect a male user with glasses. However, the picture created by the sixth grade pupils (11-12 years old) presented less stereotypic characteristics and a reasonable number of female representations. This emphasises the increasing impact of socially engineered gender differences with age. This genderspecific view of computer science begins to develop from early stages of secondary education and becomes entrenched towards the end of secondary education [21] .
C. Structural factors
Structural factors have been shown from empirical studies to impact on education and career access, choice and advancement [9] . The key structural factors include:
1) Home and family life:
In academia and industry, men and women face challenges in pursuing demanding careers like computing while meeting family responsibilities. However, research indicates that women and men are affected differently by the -family penalty‖ [62] . Women tend to forego marriage or children and may delay having children in order to pursue demanding careers such as computing [41] . Although marriage does not appear to impact on a career in computing, having children in the home may affect work related productivity due to the fact that traditionally women are the primary care givers in the home setting [63] .
2) The learning environment (classroom and virtual): The computer science learning environment has been referred to as being -Hostile‖ [76] and -Nerdy‖ [55] . Research literature on the computer science learning environment has also indicated that there is a cultural difference in the values of men and women. It has been argued that women are motivated by tasks and careers that encourage social interactions which directly contribute to society. Males have been shown to be less motivated by these values [24] . On this basis, a learning environment that does not encourage social interaction, or where the skills being learnt do not clearly contribute to society, will appeal less to females.
3) Attitudes towards computers and computer anxiety: Chen [17] and Durndell and Haag [22] reported that men held more positive attitudes towards computers and had lower computer anxiety than women. In a study on computerpobia (computer anxiety, computer attitudes and computer cognitions/ feelings) with a focus on male and female learners in 1987, Rosen, Sears and Weil [60] indicated that there is no difference in gender with regards to computer anxiety. However, there was a significant gender issue with regard to attitudes towards computers, with females having more negative attitudes. This was supported by Levin and Gordon [49] and Shashaani and Khalili [61] , suggesting that boys have significantly more positive attitudes towards computers than girls.
According to Busch [12] , the process of socialization provides an explanation for the gender differences in attitudes towards computers. Busch argued that sex-role identity is formed initially within the family where norms are internalized, attitudes learned and self-image acquired. These behaviors are later reinforced or shaped in school and work settings where society's basic culture is transmitted on to its inhabitants. Consequently, according to [12] , gender differences in attitudes towards computers may be a reflection of social experiences.
IV. INTERVENTION STRATEGIES AND INITIATIVES
A number of strategies and interventions have been explored to address the issue of female under-representation in computing education and industry. The solution(s) applied in any given instance depend on the nature of the problem identified [33] . The key intervention strategies that have been implemented will be further reviewed. www.ijacsa.thesai.org A. Gender grouping, collaborative working, role models and mentoring A study carried out by [21] indicates that: gender grouping, role models/mentors, school curriculum and organization policies are important socio-cultural determinants for motivating females into computing. In a review of the importance of mentoring in higher education [41] stated that -it helps address the feelings of isolation and marginalization‖. Inkpen, Booth, Klawe and Upitis [43] showed that gender grouping improved performance and attitudes in the computing education environment more significantly in females than males. Other studies [13] and [74] have indicated that the implementation of pairprogramming is beneficial for all computer science students, especially female students at post-secondary levels. Werner, Hanks and McDowell [74] further demonstrated that it particularly improves the confidence of females and consequently reduces attrition levels.
B. Working parties and initiatives
As a result of the disproportionately low numbers of women in computing education and the workforce, working parties and initiatives have been instigated to improve the awareness of this problem and provide various support measures for females. In the USA, a number of initiatives (Women in Computing Committee, The Kindergarten to 12 th Grade, MentorNet etc.) have been set up to encourage women into computing at both pre-tertiary and tertiary education levels. These groups also seek to ensure that role models are provided, computing career myths are dispelled and accurate information is provided to key influencers of girls [47] . In the UK many groups have been inaugurated with the aim of recruiting and retaining girls and women in IT. The BCS (Chartered Institute for IT) Women is an example of such a group. The Computer Club for Girls (CC4G) which encourages girls between ages 10 -14 to engage with IT and take up the study of the subject at a higher level is another example [16] .
C. Educational policies
A number of research studies have supported the review of educational policies and structure in order to improve the accessibility of computer science study. In the UK, computer science has been introduced in the national curriculum and will be mandatory for delivery in 2014 at Key Stage 2-Key Stage 4 -age 11-16 [69] , [14] . It is hoped that this will improve the female representation in computing education and subsequently the computing industry due to improved accessibility of the subject from an early age. Furthermore, in the UK there is a proactive measure to develop teaching excellence in computing for new and existing teachers. This strategy aims to ensure that confident and effective professionals can further advance the course of motivating learners to engage with the subject [10].
D. Educational games as a motivating tool and its implications
Games have become an integral part of our social and cultural environment and have a particular appeal to both children and adolescents [56] . Research shows that the intrinsic motivation demonstrated towards games provides the opportunity for their use as a learning tool [54] , [45] . This has been combined effectively with academic content to create -Digital Game-Based Learning‖ [59] . This has been used extensively in computer science education for both instructional content and skills acquisition aspects of the subject. The use of games in this context is due to the -game cycle‖ effect which should encourage players or learners to return to the gaming environment due to the immersive and engaging experience [35] .
The numbers of females playing entertainment games are on the increase with a good number becoming ardent gamers relative to the males [27] , [79] . However, this increase has not been replicated with educational games. Some researchers have linked this to the presence of gender stereotypic scripts embedded in educational games [38] , [42] .
Empirical studies on the use of games for educational purposes indicate that boys develop greater familiarity, confidence and ability due to the gender stereotypic scripts which tend to present the computer learning environment as a male domain [15] , [58] . Research indicates that stereotypic scripts found in educational software result in more girls and women suffering from computer anxiety in comparison to men or boys [42] . A reaction against this has been the development and use of gender neutral software which explores the reduction or removal of -male type‖ representations from the software design.
These -male type‖ representations include software features such as: violence, competition, explosions, war scenes etc. Gender neutral software has been shown to provide girls and women with better opportunities to explore systems and arrive at solutions [18] . However, there are arguments about the most appropriate representations of gender neutral elements as the use of non-gendered characters such as cute animals could be considered condescending and unrealistic by both genders [30] .
In contrast to the use of gender-neutral software, genderspecific software is software where different versions are created for boys and girls. Some studies suggest that genderspecific software is often based on gender stereotypes leading to undesirable outcomes for both genders [6] . A typical example of an undesirable and possibly stereotypic representation includes the exaggeration of feminine features, gender-linked roles and goal oriented learning models which have been identified to reduce self-efficacy and development of competence [23] . According to [5] , high self-efficacy is critical in problem solving because it influences the use of cognitive strategies. Considering that computer science educational materials are predominantly software-based, the proliferation of stereotypic scripts and their effects are far reaching to learners of all ages.
V. DISCUSSION, CONCLUSION AND FUTURE DIRECTION
This survey paper has analyzed the literature on the underrepresentation of females in computing education and industry. A comparative review of the STEM subjects indicates that increases in representation for all other subjects have occurred in recent years with the exception of computer www.ijacsa.thesai.org science at both secondary and higher educational levels. A comparative analysis of female performance educationally was reviewed to identify if there is a correlation with the computer science trend. The statistical data and literature indicated good achievement levels of females relative to the males. This further prompted a review of the causes of underrepresentation of females in computing education and industry.
The literature suggests that there are arguments for all three factors (biological differences, social -cultural and structural) as possible causes for under-representation of females in computing education and industry. Although there is scientific evidence to support biological differences in compositions of male and female organs such as the brain, there is no experimental evidence to support the essence of superiority [65] . The under-representation of females in computing education and industry appears to be influenced by socio-cultural and structural factors. There are empirical data on achievement and historical contributions of females to computer science which supports this conclusion. It suggests that the influences of socio-cultural and structural factors contribute to the current under-representation of females in computing education and industry.
The perception of gender and gender-linked social values is progressively disseminated in our society and all forms of media including educational media and resources. These gendered values are widely accepted in society as a norm, thereby having a tremendous impact on self-efficacy and cognitive resilience of the under-represented population. This position inhibits learners especially in computer science as self-efficacy and cognitive strategies have been shown to be vital for success in problem-solving subjects and careers.
Furthermore, structural factors which have been identified to exist in various institutions such as the home, educational environment and the workplace have immense effect on educational and career choices. This has been shown to create a barrier in young learners accessing subjects such as computing and leading to elevated attrition levels in higher education. The effect of structural factors has further reduced advancement options in careers linked to computing for females.
The solutions reviewed based on the literature have been implemented by various groups and policy makers. Given the history and the multiple approaches which have been taken, there has been little effect in the overall representation of females in computing education and industry. Hence the position continues to decline. It is unclear that a single solution will solve the problem, making it imperative to further explore a range of possible solutions.
There is a continuous drive to ensure that educational policies and structure is more inclusive for both genders. Furthermore, the introduction of computer science early on in the school curriculum would benefit both genders and help dispel gender-role identity in computing education. Other intervention strategies such as mentoring programmes, awareness campaigns and initiatives should further encourage more females to engage with the subject and consequently the occupations within the discipline.
Gender-role identity has been identified as being embedded in educational resources such as books, educational media and software.
There is need for further investigation of the role of educational computer games in the under-representation of females in computing education and industry. Unresolved issues include limitations of gendered software such as stereotypic scripts with and the dilemma with the representation of gender neutral features in non-gendered software. Furthermore, whilst games have shown themselves to be educationally effective tools, their use as currently designed has not had a positive impact on the interest shown by females in the subject of computing. The question ‗how can the learner interaction with educational games be used to inspire more females to study the discipline of computing?' is clearly a key question worthy of further investigation.
Our future work will investigate how young learners of age 11-14 interact with digital games and the game features that are significant and appealing to this age group. The information collected will be used to design prototype educational computer games that will be tested and used to inform the creation of a framework for the design of educational computer games.
